phoid cells, such as macrophage-colony stimulating factor (M-CSF), Flt-3L, stem cell factor (SCF), interleukin (IL)-6, IL-7, IL-8, IL-11, IL-12, IL-14, and IL-15 [8] [9] [10] . Upon IL-1α stimulation, MSCs can produce IL-1α itself, leukemia inhibitory factor (LIF), granulocyte(G)-CSF, and granulocytemacrophage(GM)-CSF [10] . In addition, there is strong evidence that MSCs and their stromal progeny play a fundamental role in lymphopoiesis [11] . After bone marrow transplantation, stromal cells appear to migrate to the thymus where they participate in the positive selection of thymocytes [12, 13] . Furthermore, in the absence of the thymus, the majority of T cells adhering to bone marrow stroma display an immature phenotype [14, 15] . B cell development also requires close association of B cell progenitors with stromal cells [16, 17] through the interaction between pre-B cell receptor (pre-BCR) and its stromal ligand Galectin-1 [18] , which is essential for pre-B-cell survival, proliferation, and differentiation [19] . Stromal cell precursors with the immunophenotype and multilineage differentiation potential of MSCs are present also in adult lymphoid tissues, such as lymph nodes [19] , spleen, and thymus [20] . Finally, co-transplantation of human ex vivo-expanded MSCs together with HSCs supports hematopoietic and lymphoid recovery in animal models [21] [22] [23] [24] and in humans [25] [26] [27] . More recently, MSC regulatory activity on a large number of effector cells of adaptive and innate immunity has been extensively characterized, including CD4+ and CD8+ T cells [28] [29] [30] [31] [32] [33] [34] [35] [36] , B cells [28, 37] , natural killer (NK) cells [28, 30, 38, 39] , monocyte-derived dendritic cells (DCs) [40] [41] [42] [43] , and neutrophils [44] . The interaction with MSCs leads to lymphocyte [32] and DC [45] anergy due to early proliferation arrest, and it inhibits apoptosis of resting and activated neutrophils [44] . MSCs may suppress immune reactions in vitro and in vivo in a major histocompatibility complex (MHC)-independent manner [28] [29] [30] 46] . Interestingly, the immune regulatory properties are expressed not only by bone marrow MSCs, but also by MSCs derived from other tissues, including fat [47] , thymus, and spleen [20] . Moreover, MSCs differentiated into fibroblasts, adipocytes, and osteoblasts [48] [49] [50] [51] retain similar functions. At present, there is no unique and hierarchically prevalent mechanism responsible for MSC immune regulation, but there is a redundant panel of mechanisms that suggests the in vivo relevance of immune regulation by the stromal cell compartment. Some contradictory results have been produced by different groups, probably due to different experimental factors related to MSC origin, culture conditions, and lymphocyte subset and activation state. On the whole, these data suggest that both soluble factors and cell-cell contact are involved. MSC regulatory effects are operational in vivo, as MSC infusion can significantly prolong the survival of MHC-mismatched skin grafts in baboons [46] , lower the incidence and cure the refractoriness to treatment of graft-versus-host disease (GvHD) after allogeneic HSC transplantation in humans [52] , and improve experimental autoimmune encephalomyelitis (EAE) in mice [53] . Thus, it is important to know the kinetics, mechanisms, and administration modalities of MSCbased immune therapies to achieve clinical benefit with no or only a small number of potential side effects.
Immunogenicity of Mesenchymal Stem Cells
MSCs are unable to induce significant alloreactivity [30] . Human MSCs express a low-intermediate level of HLA class I and LFA-3, and they do not express the co-stimulatory molecules CD80 (B7-1), CD86 (B7-2), CD40, or CD40L, even after IFN-γ stimulation [28, 48, 54] which in turn may induce HLA class II molecule up-regulation [28] . MSCs may escape not only the recognition by alloreactive T cells [30] but also the cell-specific lysis by CD8+ cytotoxic cells [55] and freshly isolated NK cells [34] . By contrast, activated NK cells are capable to lyse MSCs efficiently [38] . Moreover, MSCs exogenously loaded with the relevant MHC class I peptide epitopes still remain resistant to lysis [56] . At a low MSC/effector ratio (1:0.2 to 1:0.01), the number of proliferating T cells increases after 96 h of mixed lymphocyte reaction (MLR), thus suggesting that the balance between T cell suppression and activation by MSCs may be finely tuned [57] . Alternatively, the enhancement of T cell survival could derive from the MSC-mediated inhibition of T cell apoptosis through the T cell receptor (TCR) engagement [58] . At basal conditions, human MSCs do not express surface MHC class II molecules, although some intracellular deposits of class II alloantigens are present [59, 60] . In the presence of low IFN-γ levels, MSCs express MHC-class II molecules and acquire phagocytic function and antigen presentation activity to CD4+ T cells [61, 62] . High IFN-γ levels down-regulate the expression of MHC class II molecules by MSCs, thus leading to a shift in MSC function to immunosuppression [61] . MSC number in culture and transforming growth factor (TGF)-β signaling regulate in an opposite fashion the IFN-γ-driven MHC class II expression by acting on CIITA expression [63] . Transplanted allogeneic, MHC-mismatched MSCs fail to induce specific rejection, thus engrafting in adult rodent, porcine, and baboon experimental models [46, 64, 65] . Engraftment of allogeneic MSCs in immune-compromised hosts or inside immune-privileged sites have been shown in animals and in humans [52, [66] [67] [68] . Xenogenic transplantation (mouse MSCs into rats) may induce immunological tolerance [69] . By contrast, allogeneic MSC transplantion into hosts with intact immune system may determine MSC rejection [70] [71] [72] . Some data show that infusion of allogeneic MSCs can prime naive T cells in immunocompetent mice [72] . Moreover, intra-coronary injection of adult human MSCs into rat myocardium is associated with rejection and macrophage infiltration [73] . Thus, allogeneic or xenogeneic MSC transplantation may lead to MSC rejection; this should always be considered in the clinical setting. 
Mesenchymal Stem Cells and T Lymphocytes
T cell proliferation, activation, and effector functions may be affected by MSCs in vitro [31] and in vivo [46] . Inhibition of T cell proliferation by MSCs occurs not only when T cells are triggered by non-specific stimuli such as allogeneic peripheral blood lymphocytes, DCs, or mitogens such as phytohemagglutinin (PHA) or IL-2 [31] , but also when T cells are activated by their specific antigen [30] . Similarly, T cell-mediated IFN-γ production [28-30, 32, 33] and cytotoxic activity [30, 55] may be inhibited. Proliferation of CD4+ and CD8+ T cells is equally inhibited by MSCs [28, 30, 31] . This effect does not seem to be related either to the lack of activation or the induction of apoptosis [28, 30, 32] . In fact, in T cell/MSC co-culture, the number of T cells expressing early activation markers, i.e. CD25 and CD69, is not affected [28] although some data are contradictory [48, 54, 55, 74, 75] . CD8+ T cell-mediated lysis is suppressed by MSCs if they are added at the beginning of the mixed lymphocyte culture [34] , but not when T cells are already in the cytotoxic phase [55, 60, 76] , thus suggesting that it is the generation of activated lytic effector cells that is affected, rather than the lytic effector phase. MSCs interfere with naive CD4+ T cell differentiation into T helper (Th)-1 effector cells by decreasing the amount of IFN-γ produced. By contrast, MSCs may induce a Th-2 shift by increasing the production of IL-4 [43] . Both naive and memory T cells can be inhibited by MSCs [30] . In a mouse model, IFN-γ production by T cells may be restored after MSC removal from culture [30] ; by contrast, T cell proliferation is irreversibly abrogated by cyclin D2 inhibition, thus suggesting a mechanism of T cell arrest anergy in the early G1 phase of the cell cycle [32] . This anergic state is only partially reverted by exogenous IL-2 [32] . Other studies with human MSCs show that T cell unresponsiveness is transient and may be restored by MSC removal [59] . The presence of CD4+/CD25+ T cells is not required for the anti-proliferative effect of MSC on T-cells [30] ; however, MSCs may induce the expansion of these regulatory T cells [43, 76] . The addition of CD4+, but also CD8+ regulatory T lymphocytes, obtained from lymphocyte/MSC co-cultures, may inhibit mixed lymphocyte reactions and T cell activation by alloantigen, PHA, and CD3-triggering [77] . MSC-induced suppression of T cell proliferation does not require MHC restriction, but it may be mediated also by allogeneic MSCs [29] in a dose-dependent and antigen-independent manner [30, 49] . The optimal ratio between MSCs and responder T cells is quite variable, from 1:10,030 to 1:142, depending on the MSC model (human or animal), the culture conditions, and the origin and purity of MSCs, but most studies show that the maximum inhibitory effect normally occurs at a 1:10 ratio [28, 30, 31, 43] . It is difficult to assess if these ratios are reached inside the tissues, but it is not unlikely; in addition, the persistence of the immune regulatory properties in MSC-derived tissue stromal cells [48] [49] [50] [51] would suggest that this phenomenon may also have a physiological role in vivo.
MSC may inhibit the apoptosis of proliferating thymocytes cultured in the absence of trophic factors and resting T cells [50, 58] . Moreover, MSCs may rescue from activation-induced cell death (AICD) T cells over-stimulated by TCR engagement, through a down-regulation of Fas receptor and Fas ligand [58] . MSC-induced immunosuppression is due to both soluble factors and cell-cell contact, but the latter mechanism is prevalent in rodent MSCs [28] [29] [30] [31] [32] [33] [34] [35] [36] . Most of the inhibitory soluble factors are not constitutively secreted by MSCs, but they can be induced by the interaction between activated effector cells and MSCs. A broad range of factors is involved in the immune regulation induced by MSCs, including IFN-γ [20, 28] , IL-1β [74] , TGF-β1 [31, 35, 49] , indoleamine 2,3-dioxygenase (IDO) [20, 28, 33] , IL-6 [78, 79] , IL-10 [40, 41] , prostaglandin E2 (PGE2) [43] , hepatocyte growth factor (HGF) [31] , tumor necrosis factor(TNF)-α [42, 59, 60, 80] , nitric oxide (NO) [81] , heme oxygenase-1 (OH-1) [82] , HLA-G5 [83, 84] , and other unidentified factors. This probably reflects the redundancy of the MSCs immune regulatory mechanisms. It is interesting that cytokines favoring the immune responses, such as IFN-γ produced by activated T lymphocytes or NK cells, may promote immune modulation by MSCs which in turn suppress T or NK cell proliferation. This effect is related, at least in part, to the enhancement of the IDO activity [28, 85] . Moreover, tryptophan depletion associated with IDO activity results in cell cycle arrest of activated T cells [86] . However, human IFN-γ receptor 1(R1)-deficient MSCs do not elicit IDO transcription, despite the preservation of immune regulation [87] . Following interaction with effector cells, MSCs secrete TGF-β1 which is partially responsible for T cell inhibition. When anti-TGF-β1 and anti-HGF are simultaneously added, T cell proliferation can be restored at values comparable to those detected in absence of MSCs [31] . IL-6 may inhibit both T cell proliferation and apoptosis. The addition of a neutralizing anti-IL-6 antibody, however, restores partially the proliferation of T cells, but it abrogates most of the protection from apoptosis [78, 79] . MSCs constitutively express and upregulate both COX-1 and COX-2 which both increase PGE2 production. PGE2 inhibitors lower MSC-mediated immune modulation, but only when lymphocytes are stimulated with PHA, not in a mixed lymphocyte reaction. TNF-α may enhance as much as 100-fold the production of immunosuppressive prostaglandins by MSCs [42, 59, 60] . However, in a mouse model of rheumatoid arthritis, the addition of TNFα may revert the inhibition of proliferation of allogeneic T cells induced by MSCs [80] . The production of NO and OH-1 appears to be involved, in part through Stat5 inhibition, in the suppression of T cells by MSCs [81, 82] . Following cell-cell contact with T cells, MSCs can secrete the soluble isoform of HLA-G5; this molecule seems to mediate, at least in part, the expansion of functional CD4+ CD25 high FoxP3+ regulatory T cells [83] . Recently, a new mechanism affecting the immunosuppressive activity of MSCs has been described. MSCs were found to ex-press some Toll-like receptors, such as (TLR) 1, TLR3, TLR4, and TLR5. The triggering of TLR3 and TLR4 by their natural ligands may suppress MSC immune regulatory activity, thus suggesting that T cell responses may arise efficiently during infections, leading to pathogen elimination [88] .
Mesenchymal Stem Cells and NK Cells
In vitro studies on the interactions between NK cells and MSCs are of potential interest for cancer immunotherapy involving NK cells [89] , as well as for GvHD treatment and prevention [52] . Anti-cancer activity of NK cells may be hampered not only by the difficulty of penetrating inside the tumor mass [90] , but also by the interactions with the tumorassociated stroma which is of MSC-origin and retains similar immune regulatory properties [48, 50, 91] . The mechanisms underlying MSC-mediated NK cell modulation have been partially unraveled. MSCs may inhibit both IL-2-and IL-15-induced NK proliferation [28, 38] . Soluble factors or cell-cell contact mediate different effects depending on the experimental settings. Thus, IFN-γ secretion following IL-2-mediated NK stimulation is responsible for the inhibition of NK proliferation by MSCs [28] ; on the other hand, MSC-dependent inhibition of IL-15-activated NK cells requires both cell-cell contact and soluble factors, such as TGF-β1 and PGE2, that are produced during MSC/NK co-culture [38] . The influence of MSCs on cytotoxicity of freshly isolated NK cells is still controversial. In some studies with freshly isolated NK cells, no MSC-mediated modulation of cytotoxicity has been observed towards HLA class I-negative targets (K562 cell line), whereas MSCs may impair the cytolytic activity against HLA class I-positive targets [38] . In other experience, MSCs not only inhibit the cytokine-induced proliferation of freshly isolated NK cells, but also prevent their effector functions and cytokine production against HLA class I-positive, as well as class I-negative target cells (SKNBE and HTLA-30 cell lines) [92] . Thus, MSC suppression of NK cytolitic activities may be stronger against HLA class I-negative targets expressing a limited number of ligands for different NK receptors [93] . Instead, when considering IL-15-activated NK, the suppressive effect of MSCs on NK cytotoxicity depends on culture time. In fact, short-term co-culture of IL-15-stimulated NK cells and MSCs leads to the inhibition of NK cytolytic activity against both the HLA class I-negative and -positive cells. This phenomenon is associated with the reduction of IL-15-induced cytokines, such as IFN-γ, IL-10, and TNF-α, and it requires cellcell contact [39] . Similar results have been obtained with longtime co-culture of IL-2-activated NK cells with MSCs, leading to the decrease of killing against the HLA class I-negative K562 cell line [28] . Taken together, these data show that MSCs may inhibit NK functions against HLA class I-negative and -positive targets which, in turn, become less susceptible to NK attacks. The suppression of NK lytic activity and IFN-γ secretion has been related to the release by MSCs of HLA-G5, a soluble isoform of non-classical HLA class I usually expressed in a few healthy tissues such as cytotrophoblasts [94] , but is also involved in tumor-driven immune escape [95] , and IDO activity [92] . Although most studies based on freshly isolated NK cells support the concept of a sort of MSC immunoprivilege [34] , there is also evidence of MSC susceptibility to NK-mediated killing when activated NK cells are employed [38, 39, 92] . In fact, MSCs express some ligands for NK receptors, such as NKp30, NKG2D, and DNAM-1 KK, which make themselves suitable to be lysed [39] . After IL-2 activation, NK cells may lyse MSCs in both autologous or allogeneic settings [95] . However, this phenomenon may be partially prevented by IFN-γ which upregulates the expression of HLA I molecules by MSCs [95] ; in addition, MSCs may inhibit the surface expression of NKp30 and NKG2D, as well as NKp44-activating receptor, thus impairing NK effector functions [92] .
Mesenchymal Stem Cells and Dendritic Cells
DCs are the cells mostly specialized in the uptake, transport, and presentation of antigens. Depending on their activation and maturation stage, DCs may act in the primary immune responses as either inducers of T cell immunity or mediators of T cell tolerance [96] . The interactions between DCs and MSCs have been investigated in several studies to assess whether MSCs may alter DC functions and contribute to the generation of tolerogenic antigen-presenting cells (APCs). The presentation of alloantigens by APCs to T cells leads to T cell activation and proliferation which are both inhibited by the presence of MSCs [46, 30, 31] ; this evidence raises the question whether the immune regulation by MSCs on T cell functions involves, directly or indirectly, also the role of DCs. In the presence of MSCs, CD14+ monocytes induced to differentiate into fully mature DCs with endotoxin, IL-4, G-CSF, and TRL stimulation, retain high CD14 expression without expressing at high levels CD1a, CD40, CD80, CD83, CD86, and HLA-DR which are all necessary to induce efficient T cell responses [40, 41] . Moreover, MSCs may partially hamper immature (such as endocytic activity) and mature DC functions (such as IL-12 secretion), thus lowering DC ability to induce lymphocyte proliferation [41] . The use of CD14+ monocytes as APCs in MSC/CD4+ or CD8+ T cell co-cultures may prevent T cell proliferation and IFN-γ secretion in a dose-dependent fashion, thus confirming that tolerogenic immature APCs persist instead of mature DCs [40, 41] . APCs generated in the presence of MSCs express low levels of proinflammatory molecules (IL-12, TNF-α, MHC class II), and high levels of IL-1β and IL-10, the anti-inflammatory molecule inducing T cell unresponsiveness, although CD86 expression is similar to normal controls without MSCs [42] . MSCs may determine the shift from the DC1 to the DC2 signaling pathway as suggested Transfus Med Hemother 2008; 35:194-204 Immune Modulation by Mesenchymal Stem Cells by the decrease of TNF-α secretion by activated DCs that leads to the reduction of IFN-γ-producing Th1 cells [43, 76] ; on the other hand, MSCs may induce DCs to secrete IL-10 that, in turn, may favor IL-4-producing Th2 cells and increase the proportion of regulatory T cells [43] . MSCs, when added to GM-CSF-and IL-4-stimulated peripheral blood monocytes, may impair their differentiation into DCs by determining division arrest anergy, with complete loss of the ability of activating T cells [45] . Interestingly, MSC effect on monocyte differentiation appears stronger than that exerted by fibroblasts [97] as shown by the lower MSC/monocytes ratio employed and by the lack of functional recovery by supplementing TNF-α to the initial co-culture [41] . In addition, the development of Langerhans cells from CD34+ cells using GM-CSF and TNF-α is not impaired by MSC presence at the beginning of the differentiation culture. Instead, MSCs make DCs maintain an intermediate CD14+ CD1a-phenotype without expressing CD1a, which is typical of dermal/interstitial DCs, even after MSC removal. Soluble factors secreted by MSCs, such as IL-6 and M-CSF [72, 79] , as well as cell-cell contact [98] may mediate MSC modulation of DC maturation.
Mesenchymal Stem Cells and B Cells
MSCs may affect B cell proliferation, apoptosis, immunoglobulin (Ig) production, and chemotaxis. Mouse B cell proliferation, induced by either anti-CD40 monoclonal antibody and IL-432 or pokeweed mitogen [99] , is inhibited by MSC co-culture. The results are similar with B cells stimulated with endotoxin and obtained from BXBS mice, the animal model for human systemic lupus erythematosus (SLE) [100] . Human B cell proliferation, induced by CpG, rCD40L, anti-Ig antibodies, IL-2, and IL-5, is inhibited by MSC co-culture [28, 37] , but the maximum effect is observed at the B cell/MSC ratio of 1:1 of which it is unknown if it can be reached inside the tissues in vivo [37] . In the presence of CpG DSP30F ODN and allogenic T cell-depleted peripheral blood mononuclear cells, human MSCs do not affect B cell proliferation, unless IFN-γ, a typical T cell-dependent B cell-promoting cytokine, is added. B cell response to pokeweed mitogen is completely suppressed by cognate contact with MSCs, and partially by soluble factors present in the supernatant [99] . The addition of blocking antibodies against the molecules of the programmed death pathway (PD-1, PD-L1, and PD-L2) [101] may restore about 30% of B cell proliferation [99] . However, MSCs may also have MHC-independent, anti-apoptotic effects [78] . MSC-dependent inhibition of human B cell proliferation appears to be due to the arrest of the cell cycle in the G0/G1 phases, rather than to the induction of apoptosis [37] . MSCs may also modulate Ig secretion, both in vitro and in vivo. MSC/B cell co-culture at a 1:10 ratio leads to stimulation of IgG secretion when both kinds of cells are in contact, but to a significant reduction in IgG production in transwell experiments [102] . Moreover, MSCs may lower IgG production induced by endotoxin and herpes viruses, but not in the case of weak responses [102] . MSCs may also inhibit IgM, IgG, and IgA production, but at higher MSC/B cell ratios (1:1) [37] . This phenomenon has also been described with BXSB hyperreactive B cells [100] . The modulation of Ig secretion by MSCs has been reported in in vivo models. In experimental EAEaffected mice, the production of antigen-specific Igs has been measured after MSC infusion which led to a significant decrease in both total antigen-specific IgG and IgG subclasses [103] . In addition, MSCs may modify the chemokine receptor expression by B cells: significant decrease of CXCR4, CXCR5, and CCR7 expression, as well as inhibition of chemotaxis by CXCL12 and CXCL13 have been observed at a 1:1 MSC/B cell ratio [37] . All these variable results reflect different experimental conditions. The proliferative stimuli can be T-independent [28, 78] or T-dependent [32, 99] , specific [37] or not specific [99] . The effects of MSCs on B cells are dose-dependent, but the MSC/B cell ratios at which these effects have been observed may vary according to culture conditions. Most results have been observed at a 1:1 ratio [37] , but recent studies suggest that lower ratios, such as 1:10 [100, 102] and 1:30 [78] are still effective. Figure 1 shows some of the mechanisms discussed here.
In vivo Immune Modulation by Mesenchymal Stem Cells

Animal Models
A large number of animal models have been used to evaluate in vivo MSC immune regulatory properties related to alloreactive responses in tissue transplantation and autoimmunity. The evidence of the induction of immunological tolerance by MSCs derives from preliminary data in a mouse model in which allogeneic or xenogeneic (rat) HSCs were transplanted with their marrow microenvironment under the kidney capsule. In these conditions, the authors observed the decrease of GvHD incidence and the onset of immunological tolerance towards xenogeneic rat HSCs23. Subsequently, long-term donorspecific hyporesponsiveness, in absence of cytotoreductive conditioning regimens, and acceptance of donor skin grafts have been achieved [66] . Similarly, fetal sheep co-transplanted in utero with allogeneic HSCs and human MSCs, show increased levels of engraftment and shorter periods of hematopoietic reconstitution [104] . With a single dose of allogeneic MSCs derived from baboon bone marrow, only a modest, although significant, prolongation of skin graft survival is observed [46] . Similar results have been achieved with the systemic infusion of ex vivo-expanded adipose derived MSCs (ADAS) which may control lethal GvHD in mice transplanted with haploidentical HSC grafts [105] ; this phenomenon may occur only in the early phases after MSC transplantation so that repeated MSC infusions are required to ameliorate GvHD [105] . This might explain why the infusion of a single MSC dose in allogeneic bone marrow transplantation does not affect the incidence and severity of GvHD in mice [71] . The mechanism behind the enhanced engraftment in vivo is still unknown. At present, it is unclear whether the immunomodulatory properties of MSCs are independent from the engraftment-enhancing effect of these cells. One possibility is that cytokine release by MSCs may promote either homing or proliferation of HSCs, without requiring either MSC persistency inside the bone marrow or the interaction with other cell types, including immune effector cells. In fact, human culture-expanded MSCs, co-transplanted with human cord blood CD34+ cells in irradiated NOD/SCID mice, are not detected inside the bone marrow at 6 weeks after transplantation despite the improvement of hematological recovery, as compared to controls without MSCs [106] . Conversely, other studies have shown that human MSCs can be detected inside the mouse bone marrow microenvironment after 4-10 weeks from transplantation; these cells appear to be involved in the maintenance of human hematopoiesis via both soluble factors and contact with hematopoietic cells [24, 107] . However, MSC infusion is not always followed by their stable engraftment and function. In vivo studies have shown that the administration of allogeneic MSCs into an MHC-mismatched host may result in their rejection [72] . Moreover, co-infusion of allogeneic MSCs in mice receiving allogeneic bone marrow transplantation may not prevent bone marrow rejection as efficiently as in mice infused with autologous MSCs [70] . MSC-based immune modulation is considered a potential novel strategy for autoimmunity. It has been shown that mouse MSCs may improve EAE, a model of human multiple sclerosis, through the induction of peripheral T cell tolerance against the pathogenic antigen; however, MSCs seem to be effective only at the disease onset and peak, but not after disease stabilization [53, 108] . In a mouse model of rheumatoid arthritis (DBA/1 mice immunized with type II collagen in Freund's adjuvant), a single injection of MSCs prevents the occurrence of severe, irreversible bone and cartilage damages, by inducing T cell hyporesponsiveness and modulation of inflammatory cytokines, such as TNF-α [80, 109] . MSCs may also provide protective effects in rat models of kidney and myocardial injury, based on ischemia/reperfusion processes, by secreting soluble immune-modulating factors [110] or by inhibiting the release of pro-inflammatory mediators [111] . Similarly, the infusion of MSCs in an experimental rat model of glomerulonephritis accelerates the glomerular healing, probably through the release of growth factors [112] . In mice with type 1 diabetes, it has been recently shown that MSCs and bone marrow cells may have a synergistic effect, by supporting the regeneration of recipient-derived pancreatic insulinsecreting cells and by inhibiting T cell-mediated immune responses against newly formed beta-cells [113] .
Clinical Experience
Because of their immunosuppressive properties, MSCs are considered a potential strategy to prevent graft rejection and GvHD. Infusion of MSCs in autologous or allogeneic hematopoietic stem cell transplantation may accelerate hematopoietic recovery and reduce the risk of graft failure and the incidence of acute GvHD [24] [25] [26] [27] [114] [115] [116] , even in the absence of long-term persistence after successful allogeneic stem cells transplantation [117] . To assess the safety of ex vivo-expanded MSCs, a phase I trial has been designed with 15 volunteers with hematological malignancies in complete remission. Patients received intravenous autologous MSCs at different doses, but no adverse effects have been reported [114] . Similarly, 28 patients with advanced breast cancer received autologous hematopoietic stem cell transplantation with ex vivo-expanded MSCs at the dose of 1-2.2 × 106/kg body weight, thus achieving faster hematopoietic recovery with no toxicity [25] . Autologous MSCs are not always available for autologous transplantation as high-dose chemotherapy before hematopoietic stem cell transplantation may damage the bone marrow stroma [118] . Allogeneic MSCs derived from healthy donors may be an alternative choice, at least for immunocompromized patients. In a multicenter clinical trial, 46 patients with heterogeneous hematological malignancies have been co-infused, after a myeloablative conditioning regimen, with HSCs and bone marrow culture-expanded MSCs, both derived from HLA-identical sibling donors [26] . MSCs (1-5 × 106/kg body weight) were infused 4 h before HSCs with neither adverse events nor ectopic bone and cartilage formation, nor increase of the incidence or severity of GvHD. However, hematopoietic recovery and prevention of graft rejection were similar to controls [26] . Similarly, 7 patients of different ages, diagnosis, and disease status were treated with allogeneic (3 cases) or haploidentical (4 cases) MSCs together with HSCs. A neutrophil count of > 0.5 × 10 9 /l and a platelets count of > 30 × 10 9 /l were both achieved after a median of 12 days. Acute GvHD grade 0-I occurred in 5 patients, and grade II acute GvHD in the 2 other patients, evolving into chronic GvHD in 1 patient [27] . Comparable results have been obtained in an European phase I-II study: 14 children received haploidentical HSC grafts in combination with expanded MSCs derived from donor bone marrow. Faster leukocyte recovery was observed, with no immediate adverse effects [115] . Allogeneic MSCs have been used also for the treatment of severe idiopathic aplastic anemia refractory to conventional treatment and not eligible for allogeneic HSC transplantation [116] . One patient was infused twice with allogeneic MSCs (2 × 10 6 and 6 × 10 6 MSCs/kg body weight), without any conditioning regimen. No signs of hematopoietic recovery were evident 34 days after the second infusion, and the patient died of invasive fungal infection. However, donor MSC engraftment was detected in the endostium by bone marrow biopsy, but not in the marrow aspirates, thus suggesting that transplanted MSCs are primarily located in the bone and can be transplanted across HLA barriers [116] . Third-party (mother's), haploidentical MSCs were used to treat severe, refractory, grade IV acute GvHD of the gut and liver in a 9-year-old boy, at the dose of 2 × 10 6 MSCs/kg body weight. No toxicity after MSC infusion, rapid disappearance of symptoms, and strong immunosuppression in vivo were observed [52] . At present, there are different phase II clinical trials running to study the optimal MSC dose and administration schedules that have the best efficiency in preventing or treating GvHD following allogeneic HSC. Similar approaches are used with adipose-derived MSCs which are effective in controlling GvHD [105] , as well as inflammatory damages following tissue irradiation [119] . In the future, a large number of autoimmune diseases could benefit from the use of MSCs, such as rheumatoid arthritis, multiple sclerosis, and type I diabetes, as shown by the in vivo studies in animal models [53, 80, 108, 109, 113] . Similarly, MSCs could be used for tissue regeneration in some genetic diseases, such as osteogenesis imperfecta [120] , and for wound healing [121] .
Safety Concerns for in vivo Use of MSCs
Overall, data show the lack of significant acute or chronic toxicity following systemic MSC administration, the wide tissue distribution of infused MSCs, their long-lasting survival (over 1 year) [122] , and the absence of ectopic tissue formation during a follow-up of 3 years [27] . Still, open questions are the tumorigenic potential of MSC infusion and the MSC-mediated support of developing cancers by preventing specific anti-cancer immune responses. In vitro cultured human bone marrow-derived MSCs show a normal karyotype before transplantation into the patients [123] , they are not susceptible to malignant transformation after long-term in vitro culture until senescence or passage [25] , and they do not exhibit telomere maintenance mechanisms [124] . However, MSCs co-infused with bone marrow into irradiated allogeneic recipients mice may develop sarcoma and display cytogenetic abnormalities [125] . MSCs are capable of homing to the sites of injury, and they may therefore provide site-specific and local immune regulation. However, MSCs may also promote tumor growth and prevent the rejection of allogeneic tumor cells [19, 20, 90, 91, 95, [126] [127] [128] [129] [130] [131] . MSCs, infused either systemically or subcutaneously inside growing B16 melanoma cells, determine the enhancement of tumor formation [131] . MSCs within tumor stroma favor breast cancer metastases in mice bearing subcutaneously MCF7/Ras or MDA-MB-231 human breast cancer xenografts [126] . In vitro studies suggest that molecules belonging to the epidermal growth factor family may play a role in the expansion and differentiation of stromal cell precursors inside tumors [132] . More importantly, MSCs may inhibit in vitro and in vivo the specific anti-tumor immune response against Sp6 plasmacytoma in Balb/c mice previously immunized and refractory to tumor development [20] . On the other hand, some studies have shown that MSCs may inhibit tumor growth in mouse [131] and rat [127, 128] models. Similarly, human MSCs exhibit a dose-dependent anti-proliferative activity on different tumor cells lines of hematopoietic and nonhematopoietic origin, producing the transient arrest of tumor cells in the G1 phase of the cell cycle, which disappears after MSC removal [129] . However, when tumor cells are coinjected with MSCs into NOD-SCID mice, tumor engraftment and growth are favored [129] . Therefore, the clinical use of large doses of MSCs must always consider the potential side effects in terms of tumor development. However, because of their preferential migration to sites of tumor growth, MSCs may be used as vehicles for specific and precise anti-cancer drugs delivery, such as IFN-β [91, 127] and NK4130, with a small number of side effects.
Conclusion
MSCs and their stromal progeny may be considered powerful regulatory cells, a sort of DC counterpart, which influence all the main immune effectors and functional roles in vivo, as well as potential applications in the treatment of a number of human immunological diseases. By choosing MSC tissue origin, cell dose, administration route, and treatment schedule, all the potential side effects related to MSC use, including tumor growth enhancement, have to be well considered to maximize the benefits of MSC-dependent immune regulation without significant risks for the patients 
